Introduction
The accumulation of peribronchial eosinophils is a prominent feature of airway inflammation in asthma (1) . Several cytokines and chemokines regulate the trafficking of eosinophils from the bone marrow to the lung (2) . One key cytokine regulating the trafficking of eosinophils from the bone marrow to the lung is IL-5, which regulates eosinophil proliferation, differentiation, and release from the bone marrow (1) (2) (3) . In vivo studies performed in either IL-5-deficient mice (4), IL-5-transgenic mice (5) , or mice treated with anti-IL-5 Ab's (6) have suggested an important role for IL-5 in acute allergen-induced eosinophilic inflammation and airway hyperreactivity. In IL-5-deficient mice there is a significant reduction in the level of bronchoalveolar eosinophila following OVA allergen challenge, which is associated with significantly less airway hyperreactivity to methacholine (4) . Similarly, mice treated with an anti-IL-5 Ab prior to allergen challenge have significantly less airway eosinophilia and airway responsiveness (6, 7) . Not all studies in mice treated with anti-IL-5 sputum and blood eosinophilia more than 90% but was not effective in inhibiting the late-phase response to allergen challenge or airway hyperreactivity to methacholine (15) . Subsequent studies in asthmatics have demonstrated that while anti-IL-5 is effective in inhibiting blood and sputum eosinophils more than 90%, anti-IL-5 only partially inhibited airway eosinophils (approximately 55%) and did not reduce the level of airway staining for major basic protein (MBP) (16) . Thus, at present, the role of IL-5 and eosinophils in human asthma is unclear.
Asthma is not only characterized by episodes of acute inflammation, but may also be associated with the development of airway remodeling (17) . Features of airway remodeling in asthma include the presence of subepithelial fibrosis (17, 18) and smooth muscle hypertrophy/hyperplasia (17, 19) . Because eosinophils express the profibrotic growth factor TGF-β (20) (21) (22) (23) , one of the potential roles of the eosinophil in asthma might include release of TGF-β and induction of airway remodeling. Therefore, to determine the role of IL-5 and eosinophils in airway remodeling, as opposed to previous studies investigating its role in acute allergen-induced eosinophilic airway inflammation, we used a recently developed mouse model of airway remodeling to investigate levels of airway remodeling in IL-5-deficient compared with WT mice.
Methods

Induction of chronic pulmonary eosinophilic inflammation
IL-5-deficient or littermate WT controls (n = 18-20 mice/group) were genotyped and used in experiments when they reached 8 weeks of age. The background strain of the WT and IL-5-deficient mice used in this study was C57BL. Mice were immunized intraperitoneally on days 0 and 12 with 50 µg of OVA (grade V; Sigma-Aldrich, St. Louis, Missouri, USA) adsorbed to 1 mg of alum (Sigma-Aldrich) in 200 µl normal saline. Intranasal OVA challenges (20 ng/50 µl in PBS) were administered on days 26, 29, and 31 under isoflurane (Vedco Inc., St. Joseph, Missouri, USA) anesthesia and then repeated twice a week for 3 months using a protocol (used in this laboratory) associated with the expression of Th2 cytokines, including IL-4, IL-5, and IL-9, at 3 months (24) . Using this protocol, OVA-sensitized control WT mice repetitively challenged intranasally with PBS do not develop Th2 cytokine expression, eosinophilic inflammation, or airway remodeling changes (assessed by trichrome staining, collagen deposition, smooth muscle thickness, and mucus secretion). Age-and sex-matched control mice were sensitized but not challenged with OVA during the 3-month study. Mice were sacrificed 24 hours after the final OVA challenge, and bronchoalveolar lavage fluid (BALF) and lungs were analyzed. All animal experimental protocols were approved by the University of California, San Diego Animal Subjects Committee.
Processing of lungs for image analysis
Lungs in the different groups of mice were equivalently inflated with an intratracheal injection of a similar volume of 4% paraformaldehyde solution (SigmaAldrich) to preserve the pulmonary architecture. The inflated lungs were embedded in paraffin, stained with either H&E, periodic acid Schiff (PAS), trichrome stain, or processed for immunohistochemistry. Lungs from the different experimental groups were all processed as a batch for either histologic staining or immunostaining under identical conditions. Stained and immunostained slides were all quantified under identical light microscope conditions, including magnification (×20), gain, camera position, and background illumination. The quantitative histologic and image analysis of all coded slides was performed by research associates blinded to the coding of all the slides.
BALF eosinophil counts
Following instillation of 800 µl of sterile saline through the trachea into the lung, BALF was withdrawn, and cytospin preparations of BALF cells were made using a Shandon Cytospin centrifuge (Shandon Lipshaw Inc., Pittsburgh, Pennsylvania, USA). Eosinophil counts were performed as described previously (25) .
Quantitation of peribronchial fibrosis
Three methods (trichrome stain, total lung collagen content, and peribronchial collagens III and V immunostaining) were used to quantify peribronchial fibrosis.
Peribronchial trichrome staining. The area of peribronchial trichrome staining in a paraffin-embedded lung was outlined and quantified using a light microscope (Leica DMLS; Leica Microsystems Inc., Depew, New York, USA) attached to an image-analysis system (Image-Pro Plus; Media Cybernetics, Silver Spring, Maryland, USA). Results are expressed as the area of trichrome staining per micrometer length of basement membrane of bronchioles with 150-200 µm internal diameter. At least ten bronchioles were counted in each slide.
Lung collagen assay. The amount of lung collagen was measured using a collagen assay kit that uses a dye reagent that selectively binds to the [Gly-X-Y]n tripeptide sequence found within the triple helix sequence of mammalian collagens (Biocolor, Newtownabbey, Northern Ireland, United Kingdom), a method described for quantitation of lung collagen by Lee et al. (26) . In all experiments a collagen standard was used to calibrate the assay.
Peribronchial collagens III and V immunostaining. For immunohistochemical detection of collagen III or collagen V, the lung sections were incubated with either a primary mAb (directed against mouse collagen III or V) (Polysciences Inc., Warrington, Pennsylvania, USA) or as a negative control mouse serum instead of the primary Ab for 30 minutes at room temperature. Immunoreactivity was detected by sequential incubations of lung sections with a biotinylated secondary Ab, VECTASTAIN Rabbit ABC kit (Vector Laboratories, Burlingame, California, USA), followed by 3,3′-diaminobenzidine chromogen. The lung sections were briefly incubated with hematoxylin counterstain for 30 seconds and then mounted with aqueous mounting media. The area of peribronchial collagen III or V staining was outlined and quantified using a light microscope attached to an image-analysis system as described above for trichrome staining.
Quantitation of peribronchial smooth muscle
Airway smooth muscle thickness. The thickness of the airway smooth muscle layer was measured using an image-analysis system. Lungs that had been fixed in 3% glutaraldehyde and 1% osmium tetroxide were stained with basic fuchsin-toluidine blue, which allowed the best visualization of the peribronchial smooth muscle layer. The thickness of the smooth muscle layer (the transverse diameter) was measured from innermost aspect to outermost aspect. The smooth muscle layer thickness was assessed at four predetermined bronchiole sites (12, 3, 6 , and 9 o'clock) in at least ten bronchioles of similar size (150-200 µm) on each slide.
α-Smooth muscle actin immunostaining. Lung sections were processed in a similar manner for α-smooth muscle actin immunostaining as described above for lung collagen immunostaining. The primary anti-α-smooth muscle actin mAb was obtained from Sigma-Aldrich. The area of peribronchial α-smooth muscle actin immunostaining was outlined and quantified using a light microscope attached to an image-analysis system as described above.
Quantitation of TGF-β
Levels of TGF-β were quantitated by ELISA and by immunohistochemistry. TGF-β ELISA. The concentrations of TGF-β1 (sensitivity of assay, 61 pg/ml) were assayed in homogenized lung supernatants by ELISA (R&D Systems Inc., Minneapolis, Minnesota, USA) using methods previously described in this laboratory (25) . Prior to the TGF-β1 assay, the BALF samples were treated with 2.5 N acetic acid to activate any latent TGF-β1 (26, 27) .
TGF-β immunohistochemistry. Serial sequential lung sections were processed for TGF-β and MBP immunohistochemistry as described above for lung collagens III and V immunostaining, using an anti-TGF-β Ab (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) or an anti-mouse MBP Ab (James Lee, Mayo Clinic, Scottsdale, Arizona, USA). The number of individual cells staining positive for TGF-β or MBP in the peribronchial space were counted using a light microscope. Results are expressed as the number of peribronchial cells staining positive for TGF-β or MBP per bronchiole with 150-200 µm of internal diameter. At least ten bronchioles were counted in each slide.
Cellular source of TGF-β. To characterize the peribronchial inflammatory cells contributing to TGF-β expression, sequential thin lung cryosections (3 µm) were immunostained by staining the first sequential lung section with an Ab to TGF-β and the second sequential lung section with Ab's to either MBP (eosinophils), F4/80 (macrophages), or CD4 (CD4 + lymphocytes).
Airway epithelial α V β 6 integrin expression Based on studies demonstrating that the integrin α V β 6 binds and activates latent TGF-β and is expressed by stimulated airway epithelial cells (28, 29) , we explored whether α V β 6 expression was induced in the remodeled airway epithelium by allergen challenge and could thus provide a mechanism for regulating latent TGF-β activation in vivo. Lungs from WT and IL-5-deficient mice were immunostained with two different anti-α V β 6 Ab's (mAb 2Q871; US Biological, Swampscott, Massachusetts, USA; mAb 10D5; Chemicon International, Temecula, California, USA), as well as speciesand isotype-matched Ab's, to determine levels of expression of α V β 6 . The area of airway epithelial α V β 6 immunostaining was outlined and quantified using a light microscope attached to an image-analysis system as described above. Results are expressed as the area of α V β 6 immunostaining per micrometer length of basement membrane of bronchioles with 150-200 µm internal diameter. At least ten bronchioles were counted in each slide.
Quantitation of airway mucus expression
To quantitate the level of mucus expression in the airway, the number of PAS-positive and PAS-negative epithelial cells in individual bronchioles were counted as previously described in this laboratory (25) . At least ten bronchioles were counted in each slide. Results are expressed as the percentage of PAS-positive cells per bronchiole, which is calculated from the number of PAS-positive epithelial cells per bronchus divided by the total number of epithelial cells of each bronchiole.
Statistical analysis
Results in the different groups of mice were compared by ANOVA using the nonparametric Kruskal-Wallis test followed by posttesting using Dunn's multiple comparison of means. All results are presented as mean plus or minus SEM. A statistical software package (Graph Pad Prism; GraphPad Software Inc., San Diego, California, USA) was used for the analysis. P values of less than 0.05 were considered to be statistically significant.
Results
Repetitive OVA challenge induces BALF eosinophilia in WT but not IL-5-deficient mice Three months of repetitive OVA challenge induced a significant BALF eosinophilia in WT mice compared with WT mice not challenged with OVA (62.4 ± 15.1 × 10 2 versus 0.2 ± 0.1 × 10 2 BALF eosinophils, WT OVA versus WT non-OVA challenged; P < 0.001) ( Figure 1 ). In contrast, the number of BALF eosinophils in repetitively OVA-challenged IL-5-deficient mice were significantly reduced compared with WT OVA-challenged mice (5.9 ± 1.5 × 10 2 versus 62.4 ± 15.1 × 10 2 BALF eosinophils, IL-5 KO OVA versus WT OVA; P < 0.01) ( Figure 1 ).
The number of peribronchial CD4 + lymphocytes (13.1 ± 1.5 versus 13.7 ± 1.4 CD4 + cells/bronchus, WT OVA versus IL-5-deficient OVA; P = NS), as well as the number of F4/80 + macrophages (36.7 ± 3.8 versus 30.2 ± 2.5 F4/80 cells/bronchus, WT OVA versus IL-5-deficient OVA; P = NS), were not significantly different in IL-5-deficient versus WT mice repetitively challenged with OVA for 3 months. Repetitive OVA challenge induced a significant increase in BALF IL-5 in WT mice compared with IL-5-deficient mice (50.0 ± 18.7 versus <9.6 pg/ml BALF IL-5, WT OVA versus IL-5-deficient OVA; P < 0.05), whereas there was no significant difference in the levels of another Th2 cytokine, IL-13, in the same groups of repetitively OVA-challenged mice (489.2 ± 35.2 versus 486.1 ± 19.4 pg/ml BALF IL-13, WT OVA versus IL-5-deficient OVA; P = NS).
Repetitive OVA challenge induces less peribronchial fibrosis in IL-5-deficient versus WT mice
We used three different methods to quantitate peribronchial fibrosis in WT and IL-5-deficient mice, namely the area of peribronchial trichrome staining, total lung collagen content, and peribronchial III and V collagen immunostaining.
Repetitive OVA challenge in WT mice induced a significant increase in the area of peribronchial trichrome stain (Figure 2 , a and b) compared with non-OVAchallenged WT mice (2.54 ± 0.12 versus 0.51 ± 0.02 µm 2 /µm circumference of bronchiole, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 3a) . In contrast, the area of trichrome staining in IL-5-deficient mice repetitively challenged with OVA ( Figure 3a) was significantly reduced compared with WT mice repetitively challenged with OVA (0.77 ± 0.04 versus 2.54 ± 0.12 µm 2 /µm circumference of bronchiole, IL-5 KO OVA versus WT OVA; P < 0.001) (Figure 3a) .
A single OVA challenge in WT mice did not induce airway remodeling as determined by either peribronchial trichrome staining or thickening of the peribronchial smooth muscle layer (data not shown). Comparison of peribronchial trichrome staining at different time points following the final 3-month OVA challenge in WT mice revealed that the peribronchial trichrome staining at 1-3 months after the last OVA challenge was approximately 75% of that noted 24 hours after the final 3-month OVA challenge (data not shown).
Repetitive OVA challenge in WT mice induced a significant increase in the levels of lung collagen compared with control non-OVA-challenged WT mice (1,660 ± 214 versus 413 ± 53 µg/lung, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 3b ). In contrast, the levels of lung collagen in IL-5-deficient mice repetitively challenged with OVA were significantly reduced compared with WT mice repetitively challenged with OVA (1,044 ± 99 versus 1,660 ± 214 µg/lung, IL-5 KO OVA versus WT non-OVA challenged; P < 0.05) (Figure 3b ).
Repetitive OVA challenge in WT mice induced a significant increase in the area of peribronchial collagen III immunostaining compared with control non-OVAchallenged WT mice (1.21 ± 0.12 versus 0.21 ± 0.03 µm 2 /um circumference of bronchiole, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 3c ), as well as collagen V immunostaining compared with control non-OVA-challenged WT mice (1.35 ± 0.11 versus 0.16 ± 0.02 µm 2 /um circumference of bronchiole, WT OVA
Figure 1
BALF eosinophil levels in WT and IL-5-deficient mice repetitively challenged with OVA. WT mice repetitively challenged with OVA for 3 months developed significantly increased numbers of BALF eosinophils compared with non-OVA-challenged WT mice (*WT OVA versus WT no OVA; P < 0.001). In contrast IL-5-deficient mice repetitively challenged with OVA for 3 months had significantly reduced levels of BALF eosinophils compared with WT mice repetitively challenged with OVA for 3 months (**IL-5 KO OVA versus WT OVA; P < 0.01).
Figure 2
Peribronchial trichrome stain in WT and IL-5-deficient mice repetitively challenged with OVA. In the absence of OVA challenge, WT (a) and IL-5-deficient mice (c) exhibited minimal peribronchial trichrome staining (blue color). In contrast, repetitive OVA challenge in WT mice for 3 months induced circumferential peribronchial trichrome staining (b), which was significantly reduced in IL-5-deficient mice repetitively challenged with OVA (d).
versus WT non-OVA challenged; P < 0.001) (Figure 3d ). In contrast, there was a significant reduction in the area of peribronchial collagen III immunostaining in IL-5-deficient mice repetitively challenged with OVA (0.60 ± 0.10 versus 1.21 ± 0.12 µm 2 /um circumference of bronchiole, IL-5 KO OVA versus WT OVA; P < 0.001) (Figure 3c ), as well as the area of peribronchial collagen V immunostaining in IL-5-deficient mice repetitively challenged with OVA compared with WT mice repetitively challenged with OVA (0.53 ± 0.04 versus 1.35 ± 0.11 µm 2 /um circumference of bronchiole, IL-5 KO OVA versus WT OVA; P < 0.001) (Figure 3d ).
Repetitive OVA challenge induces less thickening of the peribronchial smooth muscle layer in IL-5-deficient versus WT mice
The thickness of the peribronchial smooth muscle layer (Figure 4a ) in WT mice repetitively challenged with OVA was significantly greater than in control non-OVA-challenged WT mice (11.8 ± 0.4 versus 3.4 ± 0.1 µm, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 4b ). In contrast, the thickness of the peribronchial smooth muscle layer in IL-5-deficient mice repetitively challenged with OVA was significantly reduced compared with WT mice repetitively challenged with OVA (5.6 ± 0.3 versus 11.8 ± 0.4 µm, IL-5 KO OVA versus WT OVA; P < 0.001) (Figure 4b ).
The area of peribronchial α-smooth muscle actin immunostaining in repetitively OVA-challenged WT mice was significantly greater than in control non-OVAchallenged WT mice (1.28 ± 0.06 versus 0.34 ± 0.02 µm 2 /µm circumference of bronchiole, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 4c ). In contrast, the area of peribronchial α-smooth muscle actin immunostaining in IL-5-deficient mice repetitively challenged with OVA was significantly reduced compared with WT mice repetitively challenged with OVA (0.66 ± 0.04 versus 1.28 ± 0.06 µm 2 /µm circumference of bronchiole, IL-5 KO OVA versus WT OVA; P < 0.001) (Figure 4c ).
Repetitive OVA challenge induces less lung TGF-β expression in IL-5-deficient versus WT mice Repetitive OVA challenge significantly increased the levels of lung TGF-β in WT mice compared with control non-OVA-challenged WT mice (3,740 ± 669 ver- sus 1,480 ± 456 pg/ml, WT OVA versus WT non-OVA challenged; P < 0.01) (Figure 5a ). Levels of lung TGF-β were significantly reduced in IL-5-deficient mice repetitively challenged with OVA compared with WT mice repetitively challenged with OVA (2,170 ± 397 versus 3,740 ± 669 pg/ml, IL-5 KO OVA versus WT OVA; P < 0.05) (Figure 5a ). To characterize the peribronchial inflammatory cells that contribute to TGF-β expression, we used immunostaining to MBP (Figure 5k ) and TGF-β (Figure 5l ) in sequential lung sections to demonstrate that eosinophils express TGF-β. Eosinophils (approximately 63%) and F4/80-positive macrophages (approximately 35%) were the major peribronchial inflammatory cellular sources of TGF-β following repetitive OVA challenge for 3 months. We also noted significant TGF-β expression by airway epithelium.
Airway epithelial α V β 6 integrin expression
Minimal airway epithelial α V β 6 expression can be detected in non-OVA-challenged WT (Figure 6a ) or non-OVA-challenged IL-5-deficient mice (Figure 6b ) in experiments using the anti-α V β 6 mAb 2Q871. Repetitive OVA challenge induced a significant increase in airway epithelial α V β 6 expression in WT mice (0.46 ± 0.09 versus 0.03 ± 0.02 µm 2 /µm, WT OVA versus WT non-OVA challenged; P < 0.001) (Figure 6, c and e) . The area of airway epithelium staining positively for α V β 6 in repetitively OVA-challenged IL-5-deficient mice was significantly less than that of repetitively OVA-challenged WT mice (0.24 ± 0.06 versus 0.46 ± 0.09 µm 2 /µm, IL-5 KO OVA versus WT OVA; P < 0.001) ( Figure 6, d and e) . Similar results were obtained using a different anti-α V β 6 mAb 10D5 (data not shown). Lungs that had been fixed in 3% glutaraldehyde and 1% osmium tetroxide were stained with basic fuchsin-toluidine blue, which allowed the best visualization of the peribronchial smooth muscle layer. The thickness of the smooth muscle layer (the transverse diameter) was measured from the innermost aspect to the outermost aspect of the smooth muscle layer (double arrow). (b) Peribronchial smooth muscle layer thickness. WT mice repetitively challenged with OVA for 3 months developed significantly increased thickness of the peribronchial smooth muscle layer compared with non-OVA-challenged WT mice (*WT OVA versus WT no OVA; P < 0.001). In contrast, the thickness of the peribronchial smooth muscle layer in IL-5-deficient mice challenged repetitively with OVA was significantly reduced compared with WT mice challenged repetitively with OVA for 3 months (**IL-5 KO OVA versus WT OVA; P < 0.001). (c) Peribronchial α-smooth muscle actin (α-SMA). WT mice repetitively challenged with OVA for 3 months developed an increase in the area of peribronchial α-smooth muscle actin immunostaining compared with non-OVA-challenged WT mice (*WT OVA versus WT no OVA; P < 0.001). The area of peribronchial α-smooth muscle actin immunostaining in IL-5-deficient mice challenged repetitively with OVA was significantly reduced compared with WT mice challenged repetitively with OVA for 3 months (**IL-5 KO OVA versus WT OVA; P < 0.001).
Discussion
In this study we have used a novel model of allergeninduced airway remodeling to demonstrate that IL-5 plays an important role in airway remodeling as evidenced by reduction in two of the cardinal structural features associated with airway remodeling in asthma, namely peribronchial fibrosis and thickening of the peribronchial smooth muscle layer (17) (18) (19) . The reduced peribronchial fibrosis in IL-5-deficient mice was evident from studies measuring lung collagen content, immunohistochemical staining of airways for collagen III and V deposition, and peribronchial trichrome staining. In humans, the basement membrane of airway epithelium comprises two layers, the basal lamina (referred to as the true basement membrane, of normal thickness in asthmatic airways) and the lamina reticularis (composed of collagen types I, III, V, and fibronectin), which is thickened in asthmatic airways (17) . Immunohistochemical staining of the airways of WT mice repetitively challenged with OVA demonstrated increased peribronchial deposition of collagens III and V, collagen types noted in the remodeled airway of human asthmatics (17) . The repetitive OVA challenge in WT mice was not only associated with peribronchial fibrosis, but also with increased peribronchial smooth muscle thickness. Both peribronchial fibrosis and the thickness of the peribronchial smooth muscle layer were significantly reduced in IL-5-deficient compared with WT mice. Although IL-5-deficient mice had significantly reduced levels of airway remodeling, airway remodeling changes were not completely ablated in IL-5-deficient mice, suggesting that additional cytokines/mediators other than IL-5 are also involved in allergen-induced airway remodeling. 
Effect of IL-5 on airway mucus expression
Repetitive OVA challenge in WT mice induced a significant increase in the percentage of airway epithelium that stained positive with PAS compared with non-OVA-challenged WT mice (39.6% ± 1.9% versus 0.5% ± 0.2%, WT OVA versus WT non-OVA challenged; P < 0.001). The percentage of airway epithelium staining positively with PAS in repetitively OVAchallenged IL-5-deficient mice was significantly less than that of repetitively OVA-challenged WT mice (25.3% ± 2.3% versus 39.6% ± 1.9%, IL-5 KO OVA versus WT OVA; P < 0.001).
The airways of repetitively OVA-challenged IL-5-deficient mice had significantly less eosinophils compared with OVA challenged WT mice. This reduction in peribronchial eosinophil accumulation was associated with a significant reduction in the number of peribronchial cells expressing TGF-β as assessed by immunohistochemistry, as well as by a significant reduction in total lung TGF-β. Because eosinophils are known to express TGF-β (20-23), the parallel reduction in the number of peribronchial eosinophils and the number of peribronchial cells expressing TGF-β in IL-5-deficient mice suggests that eosinophils may be a significant source of TGF-β in the remodeled airway in mice repetitively challenged with OVA. Combination immunostaining of sequential lung sections with Ab's to MBP and TGF-β confirmed that eosinophils were a significant source of TGF-β in the remodeled airway. TGF-β expression in the remodeled airway of WT mice could account for many of the features of airway remodeling noted. Because TGF-β stimulates fibroblasts to produce ECM proteins such as collagen (27) , the increased levels of TGF-β expression detected in WT mice challenged with OVA could contribute to fibroblast collagen synthesis, whereas the reduction in TGF-β expression could account for the reduced collagen synthesis noted in OVA-challenged IL-5-deficient mice.
The TGF-β1 gene encodes a procytokine consisting of a C-terminal TGF-β1 sequence and a larger N-terminal region that, after processing, forms a protein called latency-associated peptide (LAP) (27, 28) . LAP and TGF-β1 remain noncovalently associated and in this configuration TGF-β1 is latent as LAP blocks binding of TGF-β1 to its receptor. Previous studies have demonstrated that the integrin α V β 6 binds and activates latent TGF-β1 (28) and that α V β 6 has a very restricted pattern of tissue expression being only expressed in epithelium, particularly lung and skin epithelium (29, 30) . In addition, α V β 6 is not expressed in unstimulated airway epithelium, but can be induced in vivo by stimuli such as epithelial injury (e.g., intravenous bacterial infection that causes acute lung injury in mice) or epithelial repair (30) . Because the epithelialexpressed integrin α V β 6 binds and activates latent TGF-β1 (28, 29) , we explored whether airway remodeling in WT mice was associated with increased levels of epithelial α V β 6 integrin expression. To our knowledge, no previous studies have demonstrated that airway remodeling in asthma is associated with expression of epithelial α V β 6 integrin or that there is a link between eosinophils and α V β 6 integrin expression. We used two different Ab's (which detect different epitopes on the combined heterodimer α V β 6 integrin) to demonstrate by immunohistochemistry that repetitive OVA challenge for 3 months induces a significant increase in levels of airway epithelial α V β 6 expression. In contrast, diluent-challenged control mice express minimal levels of airway epithelial α V β 6 . Interestingly, levels of expression of airway epithelial α V β 6 were significantly reduced in the lungs of repetitively OVA-challenged IL-5-deficient mice compared with OVA-challenged WT mice, suggesting that IL-5 and/or eosinophils were inducing epithelium to express α V β 6 . Because IL-5 receptors are present on eosinophils rather than epithelium, it is unlikely that IL-5 is directly inducing airway epithelial cells to express α V β 6 , but more likely that TGF-β, or another mediator derived from eosinophils, is upregulating α V β 6 expression by epithelium. Because TGF-β upregulates expression of β6 integrins in cultured airway epithelial cells in vitro (30) , expression of TGF-β by eosinophils and other cells in the remodeled airway could account for the upregulation of β6 integrin expression in epithelium that subsequently activates
Figure 6
Expression of airway epithelial integrin α V β 6 in WT and IL-5 KO mice. Neither non-OVA-challenged WT mice (a) nor non-OVA-challenged IL-5-deficient mice (b) had significant numbers of airway epithelial cells that immunostained positive for α V β 6 . In contrast, WT mice challenged repetitively with OVA for 3 months had a significant increase in the number of airway epithelial cells that immunostained positive for α V β 6 (c). There was a significant reduction in IL-5-deficient mice in the number of airway epithelial cells that immunostain positive for α V β 6 following repetitive OVA challenge (d). Quantitative analysis of α V β 6 integrin expression in airway epithelial cells demonstrated that repetitive OVA challenge in WT mice induced a significant increase in α V β 6 expression in WT mice compared with diluent-challenged WT mice (WT OVA versus WT no OVA; P < 0.001). The area of airway epithelium staining positively for α V β 6 in repetitively OVA-challenged IL-5-deficient mice was significantly less than that of repetitively OVA-challenged WT mice (IL-5 KO OVA versus WT OVA) (P < 0.001) (e).
latent TGF-β to its bioactive form. Thus, a consequence of reduced levels of eosinophils in IL-5-deficient mice may include reduced epithelial expression of α V β 6 , with reduced activation of latent peribronchial TGF-β to bioactive TGF-β, as well as reduced levels of fibrosis.
IL-5-deficient mice repetitively challenged with OVA had less remodeling of their airways, and this was associated with less epithelial mucus expression compared with WT mice. The mechanism by which IL-5 and/or eosinophils induce epithelial mucus expression is not completely understood. The importance of eosinophils to mucus expression has been demonstrated in studies in which eosinophils were transferred directly into the lungs of acute OVA-challenged IL-5-deficient mice (9) . In these studies eosinophil transfer restored epithelial mucus expression and airway hyperresponsiveness in IL-5-deficient mice to levels similar to that noted in acute OVA-challenged WT mice (9) . Further studies suggesting a direct role for IL-5 and eosinophils in inducing mucus expression include studies with IL-5-transgenic mice that constitutively express IL-5 in the lung epithelium (5). These epithelial IL-5-transgenic mice develop accumulation of peribronchial eosinophils that is associated with goblet cell hyperplasia and airway hyperresponsiveness to methacholine in the absence of aerosolized antigen challenge (5) .
Previous studies have also investigated a potential role for IL-5 in mouse models of airway remodeling, using different methods of inducing and assessing it (31, 32). Blyth et al. (31) administered three intratracheal instillations of OVA antigen over a 10-day period to mice sensitized to OVA and demonstrated a 1.4-fold increase in subepithelial reticulin using Gordon and Sweets stain for identification of reticulin. The reticulin staining was reduced in OVA-challenged mice by pretreatment with an anti-IL-5 Ab (31). Foster et al. (32) studied the effect of aerosol delivery of OVA to sensitized mice on inflammatory and tracheal epithelial responses and demonstrated a dissociation of inflammatory and tracheal epithelial responses in a murine model (32) . The model of airway remodeling we have developed induces sustained expression in WT mice of Th2 cytokines including IL-5, IL-9, and IL-13 (24) and a robust remodeling response in the lung, which has allowed us to investigate features and mechanisms of allergen-induced remodeling that have not been investigated previously in other models. Some of the features of airway fibrosis we have identified in this allergen-induced model of airway remodeling have been observed in in vivo studies with transgenic mice that overexpress IL-13 in airway epithelium (26) . The epithelial-targeted IL-13-transgenic mice exhibit lung fibrosis that is significantly reduced by treatment with a TGF-β1 antagonist, suggesting an important role for TGF-β1 in mediating the fibrotic effects of IL-13 in this model (26) . Interestingly, recent studies provide evidence that IL-5 can modulate IL-13 production from Th2 cells, suggesting that these two cytokine signaling systems are not necessarily independent effector pathways and may also be integrated to regulate aspects of the allergic inflammatory response (10) .
In vivo studies in atopic subjects have also suggested a role for eosinophils and TGF-β in tissue remodeling in humans as opposed to the aforementioned studies in mice (33) . Skin biopsies derived from allergeninduced cutaneous late-phase reactions have demonstrated that expression of TGF-β by eosinophils at 6 hours after challenge is associated with myofibroblast formation and deposition of tenascin and procollagen I at 24-48 hours after challenge (33) . In vitro coculture of eosinophils with fibroblasts induces fibroblasts to express α-smooth muscle actin and tenascin (33). Ab's to TGF-β inhibit fibroblasts cocultured with eosinophils from expressing α-smooth muscle actin (33) . Recent studies have demonstrated that mild atopic asthmatics treated with anti-IL-5 for 2 months have reduced numbers of eosinophils in bronchial mucosa as well as reduced expression of tenascin, lumican, and procollagen III in the bronchial mucosal reticular basement membrane when compared with placebo (34) . In addition, anti-IL-5 treatment was associated with a significant reduction in the numbers and percentage of airway eosinophils expressing mRNA for TGF-β1 and the concentration of TGF-β1 in BALF (34) . At present, there are no results from human studies as to whether anti-IL-5 influences smooth muscle layer thickness or levels of expression of airway epithelial α V β 6 integrin expression.
In summary, in this study we have demonstrated an important role for IL-5 in airway remodeling. This conclusion is supported by the observation that IL-5-deficient mice had significantly less peribronchial fibrosis (total lung collagen content, peribronchial collagens III and V), and significantly less peribronchial smooth muscle (thickness of the peribronchial smooth muscle layer, α-smooth muscle actin) compared with WT mice. Repetitively OVAchallenged IL-5-deficient mice had a significant reduction in the number of peribronchial cells staining positive for MBP, which was paralleled by a similar reduction in the number of cells staining positive for TGF-β, suggesting that IL-5, eosinophils, and TGF-β play an important role in airway remodeling. OVA challenge also induced significantly higher levels of airway epithelial α V β 6 integrin expression and bioactive lung TGF-β in WT compared with IL-5-deficient mice. Increased airway expression of α V β 6 may thus contribute to increased activation of latent TGF-β. These results suggest an important role for IL-5, eosinophils, α V β 6 , and TGF-β in airway remodeling. Because initial human studies with anti-IL-5 have not noted improvement in airway hyperreactivity in mild asthmatics, further studies of the effect of anti-IL-5 on parameters of airway remodeling will assist in assessing the potential value of anti-IL-5 therapy in asthma.
